As a candidate for the alternate of conventional, insoluble thermosetting resins that are matrix components of fiber reinforced plastics (FRP), soluble and heat-resistant aramids (wholly aromatic polyamides) were synthesized. To obtain rigid biphenyl-containing aramid, one-step procedure from dihalobiphenyl and aromatic diamine by palladium-catalyzed carbonylation-polycondensation was successfully applied. Reaction parameters, such as base, solvent, palladium-phosphine catalyst and CO pressure in the reaction of 2,7-dibromo-9,10-dihydrophenanthrene (1) and 4,4 -diaminodipheyl ether (2a), were very important for successful synthesis. They affected the molecular weight of resulting aramid significantly. Under optimum conditions, poly[amino-1,4-phenyleneoxy-1,4-phenyleneaminocarbonyl(9,10-dihydro-2,7-phenanthrenediyl)carbonyl] (3a) was obtained in 99% yield with high molecular weight (polystyrene equivalent M w = 128100). The procedure was applied to some other diamines. The aramid 3a was heat-resistant and soluble in polar organic solvent. On the basis of thermal analysis, 10% weight loss temperature (T 10 ) of the aramid was 461 • C. The tensile strength and tensile modulus were 48 MPa and 1.6 GPa, respectively; these properties are roughly in the same level as those of conventional unsaturated polyester resin. Judging from the data, aramid 3a is applicable for matrix of FRP. Some other aramids exhibited similar properties.
Introduction
The polymers with the skeleton of polynuclear aromatics are expected as a candidate to produce materials with high degrees of molecular orientation and order that should result in superior mechanical strength and high heat resistance when properly processed. 1, 2) Biphenyl derivatives are therefore promising component to construct advanced constitutional materials such as heat-resistant polymers. However, very often stiff-chain polymers like biphenyl-containing polymers do not melt and are insoluble in organic solvents. 3) In order to develop readily moldable and high-performance materials, heat-resistant and soluble polymers are required. Insoluble nature is also disadvantageous from the environmental points of view. For example, thermosetting resins such as epoxy resins and unsaturated polyester resins are not soluble in any solvent, causing the problems of recycling when they are used as matrixes of fiber reinforced plastics (FRP). FRP consists of "resin matrix" and "reinforcing fiber". The problems for recycling mainly come from the insolubility of matrix and strong adhesion at fiber-matrix interface. One of the best solutions of the problems should be the use of soluble resin matrix in place of the insoluble resin. Soluble and heat-resistant polymer may thus be needed to be an alternative material to the conventional thermosetting resins.
We have before investigated the synthesis of biphenylcontaining polyesters 4, 5) because biphenyl derivatives are promising components for advanced materials. 1) During the investigation, we found that the use of simple biphenyl unit as an acid part gives insoluble and low molecular weight polyesters. However, when 9,10-dihydrophenanthrene unit was used for an acid part of polyesters, the solubility of polyester significantly increased without losing molecular stiffness. The increase of solubility also gave good effect on * Graduate Student, Gifu University. the solution-mediated polycondensation.
On the basis of these results, we focused on the synthesis of aromatic polyamides (aramids) containing 9,10-dihydrophenanthrene unit. Among several synthetic methods, carbonylation-polycondensation method originally developed by Imai and his co-workers, 6) and subsequently by Perry and his co-workers 7) based on Heck reaction 8) seemed to be the most straightforward way to obtain target aramids and the most suitable for our purpose.
We report herein the successful synthesis of soluble, heat-resistant aramids that contain rigid biphenyl skeleton such as 9,10-dihydrophenanthrene moiety by palladiumcatalyzed carbonylation-polycondensation. Introduction of 9,10-dihydrophenanthrene moiety was found to afford highly soluble aramids in polar organic solvent. This could be advantageous for solution-mediated polyamide formation, for molding the resulting aramids, and for recycling the polymer.
Experimental

Materials
2,7-Dibromo-9,10-dihydrophenanthrene (1) was prepared from 9,10-dihydrophenanthrene by known method. 9) All other materials were obtained commercially, and used after appropriate purifications.
Measurements
IR spectra were recorded on a Shimadzu FTIR-8200PC spectrometer. NMR spectra were obtained on a JEOL α-400 FT-NMR spectrometer or a Varian UNITY Inova 400 FT-NMR spectrometer. The weight average molecular weight (M w ) and the number average molecular weight (M n ) were determined by means of gel permeation chromatography (GPC) on the basis of a polystyrene calibration on a Shimadzu HPLC Model LC10 System (column, Shodex GPC AD-80M/S; eluent, N ,N -dimethylformamide (DMF) containing 0.01 kmol/cm 3 LiBr; detection, UV (wavelength: 270 nm)). Thermal characteristics were studied with a Shimadzu DTG-50 Thermal Analysis System. Tensile properties were tested with a Tensilon UTM-I-2500 type (Orientec) at a strain rate of 10 mm·min −1 . • C in an oil bath for 3 h. After excess carbon monoxide was purged, reaction mixture was poured into 100 ml of methanol. Precipitated polymer was separated from methanol by decantation, dissolved in 50 ml of DMA, and then poured again into 100 ml of methanol with stirring. Polymer was filtered, washed with 100 ml of methanol, and dried in vacuo (270 Pa) at 100
Typical
• C for 16 h to afford poly[amino-1,4-phenyleneoxy-1,4-phenyleneaminocarbonyl(9,10-dihydro-2,7-phenanthrenediyl) carbonyl] (3a) as pale yellow solid. The yield was 1.08 g (99%). M w and M w /M n determined by GPC were 128100 and 2.2, respectively. The 10% mass loss temperature (T 10 ) was 461
• C in air. IR, 1 H and 13 C NMR spectral data were satisfactory for aramid 3a.
IR ( The other aramids were obtained by analogous procedures.
Film casting of aramids
An aramid was dissolved in DMA at a concentration of 10 mass%. The solution was cast onto a glass plate, and then heated in vacuo from room temperature to 100
• C at a rate of 5
• C/min. The resulting film was further dried in vacuo at 100
• C for 12 h.
Results and Discussion
Effect of reaction parameters
The synthesis of aramids by the carbonylation-polycondensation is shown in Fig. 1 . A great deal of papers is published regarding double carbonylation using aliphatic secondary amine as nucleophile. [10] [11] [12] [13] [14] [15] However, it is known that only single carbonylation takes place when aniline-type nucleophile is used. 5, 8, 14) Possible mechanism in this work is outlined in Fig. 2 . Oxidative addition of a coordinatively unsaturated Pd(0) complex to aryl bromide gives the Pd(II) aryl intermediate 4, which is followed by CO insertion into the aryl-palladium bond to form acyl complex 5. Subsequent attack of aromatic amine leads to the formation of amide 6 and the regeneration of the active Pd(0) catalyst.
7)
Efficiency of polymerization is affected not only by catalytic activity but other factors as well. In order to make clear the controlling factors in the polymer synthesis, effects of reaction parameters such as catalyst, CO pressure, temperature, solvent and base on the carbonylation-polycondensation reaction 1 and 2a were studied. Figure 3 shows the effect of the molar ratio of diamine 2a to dibromide 1 on M w of the aramid 3a. The highest M w was attained when a 1 mol% excess of 2a to 1 was used. Usually, for the preparation of the condensation polymers with the highest molecular weight, the condensing monomer components should be equimolar to each other. In our case, slightly excess of diamine component might be preventing debromination of 1 7) or Pd inactivation. Slightly lower purity of 2a than 1 may also be a factor.
Effect of diamine/dibromide ratio
Effect of palladium complex precursors
Catalytic activity of palladium-phosphine complex on the carbonylation-polycondensation is important for the molecular weight of aramids. The effect of various palladium complex precursors is summarized in Table 1 . In our present study, the use of four moles of phosphine moiety per mole of palladium was necessary to prevent catalyst decomposition via the cluster formation referred in some reports.
17) The use of PPh 3 as ligand was suitable for this polycondensation. Air stable and readily soluble pre- cursor such as PdCl 2 (PPh 3 ) 2 was particularly good. Several ligands including α,ω-bis(diphenylphosphino)alkanes (Ph 2 P(CH 2 ) n PPh 2 (n = 2-6)) were tested, and all ligands worked well except 1,2-bis(diphenylphosphino)ethane (dppe). The use of dppe did not give any solid material. This is due to the lack of catalytic activity of Pd(dppe). Too strong coordination ability of dppe has prevented the interaction between Pd and substrates. Some reports describe that both the coordination ability and the flexibility of chelating ligand are important factors in related reactions 18, 19) and this should be the case in this polycondensation. Low molecular weight when using dppe ligand was also observed in case of polyarylate synthesis by palladium-catalyzed carbonylationpolycondensation. 4, 5) 
Effect of CO pressure
The effect of the pressure of carbon monoxide on the carbonylation-polycondensation is shown in Fig. 4 . Relatively low pressure of carbon monoxide (around 1 MPa) was the most adequately employed in the synthesis of aramid 3a. The molecular weights gradually decreased with increasing the pressure of carbon monoxide above 1 MPa. This suggests that the rate-determining step of the carbonylationpolycondensation is the oxidative addition. The role of pressure of carbon monoxide has been considered to change the coordination state of ligands and affect the rate-determining oxidative addition step of aryl bromide.
4)
Effect of temperature
Weight average molecular weight (M w ) of resulting polymer was also dependent on reaction temperature as shown in Fig. 5 . The reaction temperature of 120-125
• C guaranteed the reproducible formation of aramid having high molecular weight. Molecular weight drastically decreased when the reaction temperature was lower than 100
• C or higher than 130
• C. Low molecular weight should be due to low reaction rate at lower temperatures, and to catalyst decomposition at higher temperatures. Figure 6 shows the time-course of M w and yield of resulting aramids. Yield of solid product was already high after 20 min, while the M w had not increased for this period. The product should be oligomer at this point. The M w reached high level within 1 h and afterwards prolonged reaction period did not influence the molecular weight and yield.
Effect of reaction period
Effect of reaction medium
Effect of reaction medium on the molecular weight of 3a by the use of PPh 3 as a ligand and DBU as a base are shown in Table 2 . We avoided using protic solvent such as alcohols to exclude the possibility that undesired nucleophile could participate in the carbonylation-polycondensation and terminate the polymerization. Although the aminolysis of acyl-palladium intermediate is expected to be favorable in polar solvent, the solubility of product is more important factor than the polarity of solvent in our case. Aramid 3a was found to be easily dissolved in aprotic polar solvents such as DMA, dimethyl sulfoxide (DMSO), DMF, and 1,3-dimethyl-2-imidazolidone (DMI), and these solvents mediated the polymerization very well. The efficiency of these solvents may be due to good solubility of aramids in them. Table 3 summarizes the effect of base on the molecular weight of 3a. Cyclic amidine such as DBU and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) or rigid cyclic amine such as 1,4-diazabicyclo[2.2.2]octane (DABCO) gave high M w . The use of common tertiary amine gave polymer with relatively low M w . It seems that there is a tendency that the reaction with the stronger base having larger pK a (more precisely, pK a of the conjugate acid) gives polymer with high M w . For example, the use of DBU (pK a = 11.5), Et 3 N (pK a = 10.75), and pyridine (pK a = 5.2) gave polymer with high M w , medium M w , and low M w , respectively. However, there was an exception. The pK a of DABCO (pK a = 8.2) is considerably smaller than that of Et 3 N (pK a = 10.75), but the M w of 3a in the case of DABCO was apparently greater than that of Et 3 N. The steric factor is one possible explanation for this exception. 20) DABCO is particularly effective for its pK a value, probably because its bridge-head nitrogen is less hindered than that of other acyclic tertiary amines and it makes acid-scavenging process kinetically favorable. Moreover, such a bridge-head nitrogen could be assumed to form an acyl ammonium intermediate to assist the nucleophilic substitution by an aromatic amine nucleophile.
Effect of base
The highest molecular weight was obtained using DBU and it was efficient under wide variety of conditions not only because it is a strong base but also because it swells the resulting polymer well. From our observation, another advantage of DBU is that the salt from DBU and HBr liberated by the carbonylation is highly soluble in organic solvent used for successful polymerization. It was easier to remove DBU\cdot HBr salt from the reaction mixture than to remove the salt of other bases such as Et 3 N and i-Pr 2 NEt. 
Effect of the structure of diamine
After the synthesis of aramid 3a from diamine 2a, some other bis(4-aminophenyl) compounds (2b-d) were used in order to vary the structure of aramid. The use of 2b, 2c, and 2d gave target aramids 3b, 3c and 3d, respectively, with M w of greater than 80000 ( Table 4 ). The molecular weight of 3d was lower than others; however, the difference was not so large and there was no sign of lower solubility of 3d. It can be said that the change of structure of -X-bridge does not so much affect the carbonylation-polycondensation.
Properties of aramids
The aramids (3a-d) were soluble in DMA, DMSO, DMF, and DMI. Transparent film of good quality was obtained by casting from the DMA solution. DMA was removed in vacuo at 100
• C. The 10% weight loss temperature values (T 10 ) of aramid samples and the tensile properties of corresponding casting films are shown in Table 4 . T 10 values were above 445
• C in air in all cases. The slight change of T 10 values should be due to the change of structure of -X-bridge. This means that high heat-resistance is maintained as far as the aramid has dihydrophenanthrene unit. Aramids 3a-d did not have melting point and glass transition temperature up to 400
• C. The films had tensile strength of 33-53 MPa, Tensile modulus of 1.0-1.6 GPa, and breaking strain of 6.0-10%. It seems that all the films resembled each other in tensile properties, which did not depend on the structure of -X-moiety. The fact that only 3d exhibits significantly lower strength than others suggests that the strength may be mainly dependent on the difference of M w .
Conclusions
New heat-resistant and soluble aramids were obtained utilizing one-step procedure by palladium-catalyzed carbonylation-polycondensation of 2,7-dibromo-9,10-dihydrophenanthrene (1) and aromatic diamines. Reaction parameters, such as palladium-phosphine catalyst, CO pressure, reaction temperature, reaction period, solvent, and base in the carbonylation-polycondensation of 2,7-dibromo-9,10-dihydrophenanthrene (1) and 4,4 -diaminodiphenyl ether (2a), significantly affected the molecular weight of the resulting aramid, poly[amino-1,4-phenyleneoxy-1,4-phenyleneaminocarbonyl(9,10-dihydro-2,7-phenanthrenediyl)carbonyl] (3a). The high solubility of the resulting polymers is also essential for the synthesis of aramids with high molecular weight. The strong base such as DBU also promoted the carbonylation-polycondensation to yield high molecular weight aramids. Various palladium catalysts with PPh 3 or Ph 2 P(CH 2 ) n PPh 2 (n = 3-6) as a ligand were effective for this polycondensation. However, dppe, which has very high coordination ability to palladium center, did not work at all.
Under the optimum conditions with DBU as a base, palladium-PPh 3 as catalyst, and DMA as solvent, 3a was obtained in 99% yield with high molecular weight (polystyrene equivalent M w = 120800) under 1.1 MPa of CO pressure and at 125
• C of reaction temperature. Moreover, under similar conditions, aramids including 4,4 -diaminodiphenyl sulfone (2b), bis(4-aminophenyl)methane (2c) and 4,4 -diaminodiphenyl sulfide (2d) could be used as diamine part and aramids 3b, 3c and 3d with high M w were obtained in high yields, respectively. These products were soluble in some aprotic polar organic solvents and easily formed transparent casting films. Based on thermal analysis, 10% weight loss temperature (T 10 ) of 3a, 3b, 3c and 3d in air were 471, 461, 464 and 448
• C, respectively. This class of soluble and heat-resistant polymer may be applied for an alternate of thermosetting resin such as epoxy resins and unsaturated polyester resins. The aramids in this work have advantages in recycling over the thermosetting resins as matrixes of FRP because of their solubility.
